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We present first evidence for electroweak single top quark production from the D0 Collabo-
ration at the Fermilab Tevatron Collider. Using a 0.9 fb−1 data sample, several multivariate
techniques are used to isolate the single top signal from background. Combining these three
methods (Bayesian Neural Networks, Decision Trees, and Matrix Elements), we obtain a mea-
sured cross section of σ(pp → tb + X, tqb + X) = 4.8 ± 1.3 pb with a Gaussian significance of
3.5σ. Using this measurement, we set a lower 95% C.L. on the Vtb element of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix of 0.68 < |Vtb| ≤ 1.

1 The Single Top Analysis

1.1 Theory and Motivation

Examining single top quark production at the Tevatron 1, we find two major production modes
for single top and Figure 1 shows the two representative Feynman diagrams. The first one is
called s-channel production where two quarks annihilate to make an off-shell W boson which
then decays to a top quark and a bottom quark. This process is also known as tb because it has
a top and bottom quark in the final state. The second process, or t-channel production, is when
a light quark emits a W boson which fuses with a b-quark coming from a gluon that splits into
a bb pair to make a top quark. Because this process has a top, a bottom, and a light quark in
the final state, it is also known as tqb. a

Observation of single top quark production allows one to study the Vtb coupling and directly
measure the CKM element Vtb without the standard model (SM) assumption of three families.
In addition, the single top cross section is also sensitive to new physics. Since single top is

aThere is a third process called associated production, but the cross section is too small to observe at the
Tevatron, so we will not discuss it further.
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Figure 1: Representative Feynman diagrams for single top quark production. The left plot show the tb production
mode and the right plot shows the tqb production mode.

a background for the Higgs search, this analysis is a “proof of principle” for the advanced
techniques that are being used.

1.2 Experimental Signature, Backgrounds, and Data Samples

The experimental signature for single top is a high pT lepton, large missing transverse energy
corresponding to the neutrino, and two to four jets (this is done to maximize acceptance). One
can further enhance the signal content of the sample by requiring that either one or two jets are
associated with b-quarks (also known as b-tagging).

There are three main backgrounds to single top. One comes from tt pair production which is
normalized to the NNLO cross section. Then there is multijet production where a jet fluctuates
to mimic a lepton which also produces missing energy. And W+jet production which includes
Wbb,Wcc, and Wjj. The multijet and W+jet background yields are normalized to data before
b-tagging.

We take our full data sample and divide it into electrons and muons. These samples are
further separated by the number of jets in the event. Finally, we divide these samples again by
determining how many jets can be associated with b-quark(s). The event yields and systematic
uncertainties are shown in Table 1.2b. The acceptance for the single top signal is (3.2 ± 0.4)%
for tb and (2.1 ± 0.3)% for tqb. In addition, we have checked the agreement between data and
background model for over 100 individual distributions and find good agreement.

Source 2 jets 3 jets 4 jets

tb 16±3 8±2 2±1
tqb 20±4 12±3 4±1

tt → `` 39±9 32±7 11±3
tt → `+jets 20±5 103±25 143±33

Wbb 261±55 120±24 35±7
Wcc 151±31 85±17 23±5
Wjj 119±25 43±9 12±2
Multijets 95±19 77±15 29±6

Total bkgd 686±41 460±39 253±38
Data 697 455 246

Source Size

Top pair normalization 18%
W+jet & multijet normalization 18-28%
Integrated luminosity 6%
Trigger modeling 3-6%
Lepton ID corrections 2-7%
Other small components Few%
Jet energy calibration 1-20%
b-tagged jet modeling 2-16%

Table 1: The left table show the numbers of expected and observed events in 0.9 fb−1 for e and µ, 1 b tag and 2
b tag channels combined. The right table shows the sizes of the systematic uncertainties for this analysis.

bAn important point to note is that the single top signal is smaller than the background uncertainty.
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Figure 2: The top left plots shows the full discriminant for the Matrix Element Analysis. The top right plots shows
an enlarged region of the discriminant near the value one. The bottom left plot shows an enlarged region of the
Decision Tree output for high values of the discriminant. The bottom right plot shows the posterior distributions

for the expected and measured cross sections for the Decision Tree analysis.

Bayesian NN Matrix Element Decision Trees
Exp. Obs. Exp. Obs. Exp. Obs.

σ(pp → tb + X, tqb + X) [pb] 3.2+2.0
−1.8 5.0 ± 1.9 3.0+1.8

−1.5 4.6+1.8
−1.5 2.7+1.6

−1.4 4.9 ± 1.4
Significance 1.3σ 2.4σ 1.8σ 2.9σ 2.1σ 3.4σ

Table 2: Table of expected and observed cross sections along with the expected sensitivities and observed signifi-
cances.

1.3 Multivariate Methods and Results

We have used three methods to separate the single top signal from the background. The first is
called Bayesian Neural Networks 2, the second is called Decision Trees 3, and the third is called
Matrix Elements. Then using the outputs from each method we construct a binned likelihood
and extract a cross section.

The first method uses Bayesian Neural Networks. It uses 24 input variables for training
the networks (where the signal tends towards one and the background towards zero). A simple
description of BNNs is that of averaging many individual NNs. The second method uses Decision
Trees. This analysis uses 49 input variables, and the idea is to recover events that are rejected
by a simple cut-based analysis. In addition, for events that get misclassified, we use boosting
which effectively averages over many trees to improve signal and background separation. The
third method used is called the Matrix Element Method. This is a different idea based on using
the full kinematic information from the reconstructed objects in the event to form a discriminant
to separate signal from background.

In Figure 2, we show the discriminant output for the Matrix Element and Decision Tree
analyses along with the expected and measured cross sections from the Decision Tree analysis.
In Table 1.3, we show the expected sensitivities and the measured values of the cross sections
along with the significances. Decision trees have a 3.4σ excess which establishes the first evidence
for single top quark production 4.
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Figure 3: The left plot shows the combination of the three techniques used in this analysis. The right plot shows
the lower limits obtained on |Vtb|.

The most general tbW vertex is given by 5:

Γµ
tbW = − g√

2
Vtbū(pb)

[

γµ(fL
1 PL + fR

1 PR) − iσµν

MW

(fL
2 PL + fR

2 PR)

]

u(pt), (1)

where k is the W four-momentum and the f1 and f2 couplings can a-priori be CP-violating. In
the case of the SM, CP is conserved in the tbW vertex and fL

1 = 1 and fR
1 = fL

2 = fR
2 = 0.

Since Decision Trees are the most sensitive result, with a measured cross section of σ(pp →
tb + X, tqb + X) = 4.9 ± 1.4 pb, we use this value to extract a value of |Vtbf

L
1 | = 1.3 ± 0.2 and

assuming full SM values (i.e. fL
1 = 1) we set a lower limit on |Vtb| at 95% C.L. of 0.68 < |Vtb| ≤ 1.

We have combined the outputs of these three measurements using a simple linear method and
find a combined cross section of 4.8± 1.3 pb with a significance of 3.5 σ. We show these results
in Figure 3.

In summary, we have found first evidence for single top quark production with a measured
cross section σ(pp → tb+ X, tqb+ X) = 4.8± 1.3 pb. Using this measurement we have set lower
limits on |Vtb| of 0.68 < |Vtb| ≤ 1.
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